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Edited by Francesc PosasAbstract Valproic acid (VPA) inhibited the growth of yeast in
a dose-dependent manner with complete inhibition attained at
100 mM. When cells were exposed to 25 mM VPA, the wild-type
died showing apoptotic markers, while yca1D deleted of YCA1
encoding yeast caspase 1 survived. On the other hand, when cells
were exposed to 50 mM VPA, both the wild-type and yca1D died
showing morphological features similar to those of the autopha-
gic death of cdc28 which was also independent of YCA1. Thus,
these results suggested that yeast cells die via YCA1-dependent
apoptosis when their proliferative activity is mildly impaired.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Programmed cell death or apoptosis is an active form of cell
death essential for the development and homeostasis of multi-
cellular organisms. However, in unicellular organisms like
yeasts, the presence of a cell-death machinery has been sug-
gested as cell death can be activated by mammalian proapop-
totic molecules [1,2]. Further, Madeo et al. [3] reported that the
YCA1 gene product Yca1p having structural homology to
mammalian caspases demonstrates caspase-like processing in
vivo and that a low dose of hydrogen peroxide (0.4 mM) in-
duced apoptosis, suggesting that Yca1p is a bona ﬁde caspase
in yeast. On the other hand, there have been some reports pro-
posing the presence of a caspase-independent type of cell death
called Type-II cell death in mammalian cells [4,5], which is an-
other type of programmed cell death characterized by the early
appearance of lysosomally derived, autophagic vacuoles lead-
ing to intense autophagocytosis. In 1995, we found using yeast
[6] that when temperature-sensitive, cell division cycle (cdc)
and secretory (sec) mutant cells were incubated at restricted
temperatures, they extensively degraded intracellular macro-
molecules in several days by activating the autophagic machin-
ery. Furthermore, we found [7] that a mutation in the gene
ARL1 encoding ADP-ribosylation factor-like protein 1, which
functions in vesicular transport in both exocytic and endocyticAbbreviations: VPA, valproic acid; PCR, polymerase chain reaction;
TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-
end-labeling; ROS, reactive oxygen species
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doi:10.1016/j.febslet.2004.12.051pathways, caused a defect in central vacuole formation and de-
layed the progress of autophagic death in cdc28 and also that
of Bax-induced cell death.
So far, the relationship between YCA1-dependent apoptosis
and autophagic death in yeast has not been clariﬁed. Results
reported to date indicate that apoptosis was induced by mild
treatment of cells for imbalanced redox states like a low dose
of H2O2 and depletion of reduced glutathione [8,9] and the
autophagic death was induced after cell cycle arrest [6,7]. Thus,
it is possible that impaired cell growth triggers the pathway to
apoptosis or autophagic death depending on its degree. To test
this possibility, we used VPA at various concentrations as an
inducer of cell death. VPA is a short-chained fatty acid widely
used as an anticonvulsant and has teratogenic and anti-tumor
activities [10]. Recently, VPA was identiﬁed as an inhibitor to a
class of histone deacetylases and VPA and related inhibitors
are known to induce apoptosis in mammalian cells [11–13].
Our observations suggest that yeast cells die via apoptosis
dependent on YCA1 when their proliferative activity is mildly
impaired, whereas they die via autophagic death when it is im-
paired severely or completely.2. Materials and methods
2.1. Yeast strain and medium
Saccharomyces cerevisiae strains W303-1a (MATa ade2-1 ura3-1
his3-11 trp1-1 leu2-3 leu2-112 can1-100) and 185-3-4 carrying tempera-
ture sensitive cdc28-1 (MAT a ade1 ade2 ura1 his7 leu2 lys2 tyr1 gal1
cdc28-1) were used in experiments on the eﬀect of VPA and the anal-
ysis of autophagic death, respectively. YPAD medium consists of 1%
yeast extract (Difco), 2% polypepton (Wako Co., Ltd.), 2% glucose
and 40 lg/ml of adenine sulfate. For deletion of YCA1, a kanMX-cas-
sette from plasmid pUG6 [14] was ampliﬁed by polymerase chain reac-
tion (PCR) using synthetic oligonucleotides as primers. The PCR
product was transformed into strains W303 and 185-3-4. Recombi-
nants were selected on YPAD plates for resistance to 500 lg/ml of
Geneticine (Gibco-BRL). The ARL1-disrupted transformant of
W303-1a (arl1D) was constructed as described previously [7] and the
VAM7-delated transformant (vam7D) derived from YWM019-7A
(MAT a leu2 ade1) [15] is a kind gift from Dr. Y. Ohsumi (National
Institute of Basic Biology, Okazaki, Japan). In the experiments testing
the short-term eﬀect of VPA on growth, cells cultured to the mid-log
phase were inoculated in YPAD medium and various amounts of
VPA were added. To determine the long-term eﬀect, VPA was added
to the culture in the mid-log phase.2.2. Annexin V staining
To examine the exposure of phosphatidylserine on the outer leaﬂet
of the plasma membrane, FITC-coupled annexin V (ApoAlert Ann-
exin V Apoptosis Kit; Clontech Laboratories, Inc., Palo Alto, CA)
was reacted with yeast cells as described previously [8].blished by Elsevier B.V. All rights reserved.
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Intracellular ROS were detected with dihydroethidium (Sigma) by
adding it at 5 lg/ml to the culture medium. After incubation for
10 min, cells were observed under a ﬂuorescent microscope (Olympus
BX50) with a rhodamine optical ﬁlter.
2.4. Terminal deoxynucleotidyl transferase-mediated dUTP
nick-end-labeling (TUNEL)
For the TUNEL test, cells were prepared as described previously [8]
and labeled using the ApoAlert DNA fragmentation assay kit (Clon-
tech Laboratories). Yeast cells were ﬁxed with 3.7% formaldehyde
for one hour, digested with Zymolyase, and applied to a polylysine-
coated slide. The slide was thereafter treated according to the
directions of the manufacturer and observed under an Olympus
BX50 ﬂuorescent microscope with a FITC optical ﬁlter.
2.5. Viability assay
Cell viability was determined by either staining with phloxin B [16]
or spotting known numbers of cells on YPAD agar plates after sequen-
tial dilution.Fig. 2. Long-term eﬀect of VPA on growth (A) and cell viability (B).
Wild-type (s,h ande) and yca1D (d,j andr) cells were cultured to
the mid-log phase in YPAD medium and 0 (s and d), 25 mM of VPA
(h and j) and 50 mM of VPA (e and r) were added to the culture.
Cell viability was determined by staining with phloxin B.3. Results
3.1. Induction of cell death of yeast with VPA
When yeast was cultured in a rich medium containing vari-
ous concentrations of VPA, the growth determined by turbid-
ity was inhibited in a dose-dependent manner being inhibited
by half at 50 mM and completely at 100 mM (Fig. 1). So, ﬁrst,
to investigate whether mildly eﬀective concentrations of VPA
induce apoptotic death in yeast, we tested the long-term eﬀect
of VAP on the viability of cells at 25 and 50 mM (Fig. 2A). The
result showed that the growth rates which increased on the ﬁrst
day gradually decreased during the succeeding next 10 days,
suggesting that cells started to die in the stationary phase or
after nutrients were exhausted. Staining with phloxin B
showed that almost all cells died within 4 days in cultures ex-
posed to 25 mM and to 50 mM VPA (Fig. 2A). Thus, the re-
sults suggested that VPA induces cell death in budding yeast.
Then, to investigate whether Yca1p is involved in the VPA-
induced cell death, we determined the eﬀect of VPA on the via-
bility of a YCA1-deleted transformant, yca1D The resultFig. 1. Eﬀect of VPA on the growth of yeast. The yeast S. cerevisiae
W303-1a was cultured in YPAD medium containing various concen-
trations of VPA at 30 C and the growth was monitored by measuring
OD600. (d) 0 mM; (s) 20 mM; (j) 40 mM; (h) 50 mM; (r) 60 mM;
(e) 80 mM and (+) 100 mM VPA.showed that yca1D exposed to 25 mM VPA grew at a signiﬁ-
cant rate reaching a plateau after 4 days of incubation in con-
trast to the wild-type whose growth stopped on the ﬁrst day
(Fig. 2A). On the other hand, yca1D exposed to 50 mM VPA
hardly grew at all similar to the wild-type although it did not
show a decrease in cell number after the ﬁrst day of incubation
(Fig. 2A). The analysis with phloxin B showed that the viabil-
ity of yca1D exposed to 25 mM VPA increased after a transient
decrease on the ﬁrst day, reaching a maximum (90%) on the
fourth day (Fig. 2B). On the other hand, the viability of yca1D
exposed to 50 mM VPA decreased as fast as that of the wild-
type (Fig. 2B). Thus, the results suggested that VPA-induced
cell death depends on YCA1 at 25 mM, while that at 50 mM
is YCA1-independent.
3.2. Investigation of some apoptotic markers in cells treated with
VPA
To further investigate whether the Yca1p-dependent cell
death induced by 25 mM VAP is apoptotic in nature, we exam-
ined cells for some apoptotic markers like fragmentation of
DNA, exposure of phosphatidylserine on the cell surface [8]
and production of ROS [17]. First, we determined the eﬀect
of VPA on DNA fragmentation in the wild-type and yca1D
using the TUNEL assay (Fig. 3A). The result showed that
all nuclei of the wild-type were TUNEL-positive, while those
Fig. 3. Detection of DNA fragmentation and exposure of phospha-
tidylserine as markers of apoptosis in the cells treated with VPA. (A)
Wild-type and yca1D cells were treated with or without 25 mM VPA
for 20 h and stained by TUNEL. (B) Wild-type cells were treated with
or without 25 mM VPA for 24 h and stained with FITC-coupled
annexin V together with PI to check the integrity of the plasma
membrane.
Fig. 4. Eﬀect of VPA on generation of intracellular ROS in the wild-
type (A) and yca1D (B). Cells were treated with 25 mM VPA for
deﬁned periods and observed under a light microscope using the
Nomarski (upper) and ﬂuoresce-detection optical systems to detect
intracellular ROS reacted with dihydroethidium (lower).
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VPA. Furthermore, when the extracted DNA was checked
by gel electrophoresis, it was found that DNA of the wild-type
started to degrade in 20 h and was completely degraded at 68 h
of incubation, while DNA of yca1D remained intact for at least
68 h (data not shown). Second, exposure of phosphatidylserine
on the outer leaﬂet of the plasma membrane, which is an early
morphological marker of apoptosis, was determined by stain-
ing with FITC-labeled annexin V together with propidium io-
dide (PI) to check the integrity of the plasma membrane. After
the treatment of wild-type cells with 25 mM VPA for 24 h, al-
most all PI-negative cells were stained by annexin V on the cell
surface, indicating exposure of phosphatidylserine (Fig. 3B).
On the other hand, yca1D cells were not stained by annexin
V after the treatment (data not shown). Third, we determined
the accumulation of ROS by staining with the ROS-reactive
drug, dihydroethidium. We found that ROS accumulated in al-
most all cells treated with 25 mM VPA after 20 h of incubation
(Fig. 4). The ROS levels were similarly increased in both the
wild-type and yca1D cells, suggesting that Yca1p did not inﬂu-
ence the accumulation of ROS in VPA-treated cells. Thus, it
seems likely that VPA at 25 mM primarily increases the
ROS levels in yeast and secondarily induces cell death depend-
ing on Yca1p. Thus, these results suggested that VPA at 25
mM induced apoptosis in yeast.3.3. Morphological features of VPA-induced cell death
When the wild-type cells were exposed to 25 mM VPA, they
showed cellular shrinkage, which is characteristic of apoptosis,
and a granular cytoplasm although the cytoplasm remained
substantial for at least 7 days (Fig. 5A). In contrast, yca1D
cells exposed to 25 mM VPA increased in size and contained
fragmented or enlarged vacuoles with irregular contours
(Fig. 5A). On the other hand, the wild-type treated with
50 mM VPA showed morphological features characteristic of
an autophagic cell death [6,7]; activation of the autophagic
machinery containing autophagic bodies in vacuoles and a
shrunken cytoplasm (Fig. 5B). Furthermore, arl1D whose
cdc28-derivative was resistant to autophagic death [7] was
morphologically shown to be resistant to the treatment with
50 mM VPA (Fig. 5B) and was more resistant to VPA at
50 mM than at 25 mM (Fig. 6). The results suggested that cells
exposed to 50 mM VPA were dying via autophagic death. It
should be added that the death due to exposure to 50 mM
VPA was also suppressed in a deletion-mutant of VAM7 which
is involved in homotypic vesicle fusion to form vacuoles [15]
(data not shown), supporting the notion that the autophagic
death is closely linked to central vacuole formation. The mor-
phological observation suggested that cells exposed to 25 mM
VPA die via apoptosis, while those exposed to 50 mM VPA die
via autophagic death.
3.4. YCA1 is not involved in the autophagic death observed in
cdc28 incubated at the restricted temperature
To investigate whether YCA1 is involved in the autophagic
death, we constructed a YCA1-deleted transformant derived
from cdc28 (yca1D/cdc28) and found that yca1D/cdc28 lost via-
bility as fast as the parental cdc28, losing it completely at 48 h
at the restrictive temperature (Fig. 7). When cells were stained
with dihydroethidium, some of both mutant cells stained early
at 6 h of incubation at the restricted temperature and almost
Fig. 5. Morphological observations of cells treated with VPA. (A)
Nomarski images of the wild-type and yca1D cells exposed to 25 mM
VPA for deﬁned periods. (B) Nomarski images of the wild-type and
arl1D cells exposed to 50 mM VPA for deﬁned periods. Arrowheads
indicate autophagic bodies. The bar represents 10 lm.
Fig. 6. Viability of the wild-type and arl1D cells treated with VPA at
25 (A) and 50 mM (B). Cells were treated with 25 or 50 mM VPA for
the indicated days and known numbers of cells were spotted on a plate
containing YPAD medium after sequential dilution (10·).
Fig. 7. Viability of cdc28 and yca1D/cdc28 at the restrictive temper-
ature. Cells were cultured to the mid-log phase in YPAD medium at
30 C and the cultures were transferred to the restrictive temperature
(38 C). Cell viability was determined by staining with phloxin B.
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YCA1 is not involved in autophagic death and that ROS accu-
mulated during the process like in apoptosis.4. Discussion
In this communication, we suggested that yeast cells died via
apoptosis dependent on YCA1 when the proliferative activity
of yeast was only mildly impaired by exposure to a low dose
of VPA. On the other hand, cells exposed to a high dose of
VPA suﬀered an autophagic death similar to temperature-sen-
sitive mutants arrested in the cell cycle. However, in contrast to
our ﬁnding, there have been reports that yeast cells arrested in
the cell cycle undergo apoptosis. Madeo et al. [8] reported
that a point mutation of CDC48, which is involved in homo-
typic membrane fusion, results in cells showing typical apopto-
tic phenotypes including DNA fragmentation within 12 h after
the temperature shift and that other cdc mutants tested did not
show such phenotypes. The discrepancy between this ﬁnding
and our result obtained using cdc28 may be explained by the
fact that the phenotypes occur much faster in cdc48 than in
cdc28. In the case of the autophagic death in cdc28, extensive
DNA degradation determined by gel electrophoresis was
found 4–5 days after the temperature shift [6]. So, we suppose
that the authors did not ﬁnd the phenotype of DNA fragmen-
tation in cdc mutants other than cdc48 as it occurs much later
in the former than in the latter. Furthermore, Levine et al. [18]
reported that H2O2 and Bax-mediated apoptosis in yeast could
be blocked by the enhancement of vesicle traﬃcking by trans-
formation with the vesicle-associated membrane protein At-
VAMP7 from Arabidopsis, which is similar in function to
yeast CDC48. They suggested that intracellular vesicle traﬃck-
ing is closely connected with apoptosis, consistent with our
ﬁndings that autophagic cell death was delayed by mutations
of ARL1 [7] and VAM7. Thus, it is likely that various proteins
involved in vesicular traﬃcking including CDC48 can either
promote or inhibit programmed cell death.
More recently, Qi et al. [19] reported that a mutant defective
in CDC13 encoding telomere binding protein died via apopto-
sis as evidenced by caspase activation, an increase in ROS and
other phenotypes. However, a very recent report [20] showed
that cell death in cdc13-1 is independent of caspase and ROS
as ﬂow cytometric analyses proved that they are confounded
by the binding of chemical probes to cells already dead. Thus,
whether or not the accumulation of ROS is a main cause of
apoptosis remains unclariﬁed.
K. Mitsui et al. / FEBS Letters 579 (2005) 723–727 727Yamaki et al. [21] reported a mutant lacking the histone
chaperone ASF1/CIA1, which is preferentially arrested at the
G2/M-phase and dies. During the course of its death, asf1/
cia1D showed phenotypes characteristic of apoptosis accompa-
nying the accumulation of autophagic bodies in vacuoles. The
latter ﬁnding suggested that the cell death is autophagic despite
these characteristics of apoptosis. During the course of our
study on autophagic death, we found the fragmentation of
DNA [6] and accumulation of ROS, and the electron micro-
scopic photos in our previous reports [6,7] showed fragmenta-
tion of nuclei and condensation of chromatin although they
were not pointed out in the texts. Thus, it is possible that cells
dying via autophagic death show phenotypes similar to those
of apoptosis although the details remain to be elucidated.References
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